Microfluidics has been the key component for many applications, including biomedical devices, chemical processors, microactuators, and even wearable devices. This technology relies on soft lithography fabrication which requires cleanroom facilities. Although popular, this method is expensive and labor-intensive. Furthermore, current conventional microfluidic chips precludes reconfiguration, making reiterations in design very time-consuming and costly. To address these intrinsic drawbacks of microfabrication, we present an alternative solution for the rapid prototyping of microfluidic elements such as microtubes, valves, and pumps. In addition, we demonstrate how microtubes with channels of various lengths and cross-sections can be attached modularly into 2D and 3D microfluidic systems for functional applications. We introduce a facile method of fabricating elastomeric microtubes as the basic building blocks for microfluidic devices. These microtubes are transparent, biocompatible, highly deformable, and customizable to various sizes and cross-sectional geometries. By configuring the microtubes into deterministic geometry, we enable rapid, low-cost formation of microfluidic assemblies without compromising their precision and functionality. We demonstrate configurable 2D and 3D microfluidic systems for applications in different domains. These include microparticle sorting, microdroplet generation, biocatalytic micromotor, triboelectric sensor, and even wearable sensing. Our approach, termed soft tubular microfluidics, provides a simple, cheaper, and faster solution for users lacking proficiency and access to cleanroom facilities to design and rapidly construct microfluidic devices for their various applications and needs.
flexible microfluidics | elastomeric microtubes | microfluidic assemblies | inertial focusing chip | microfluidic sensor P oly(dimenthylsiloxane) (PDMS)-based microfluidic systems are the key components for applications ranging from manipulation and sorting of microentities, tissue engineering, biochemical analysis to wearable sensing (1) (2) (3) (4) . The ability of microfluidics to manipulate minute amounts of liquids for rapid screening is one of the most compelling reasons for their use. Despite these advantages, the construction of such microfluidic systems using the conventional lithography method is not trivial (5, 6) . Typically, the microfabrication process involves expensive and time-consuming cleanroom-based photolithography techniques to pattern microscale features on a planar substrate. PDMS prepolymer is then cast into the mold to yield a polymeric replica. Next, the surface of this replica together with another flat substrate are surface-treated and brought into contact to form closed channels. While this method forms well-defined microstructures of various topographies (7) , it has obvious limitations. For example, one major drawback is that it is limited to microchannels in a 2D planar layout. As such, fabrication of complex 3D microfluidic systems involves multiple steps of aligning, stacking, and bonding multiple layers and components together (6, 8) . Also, these 3D arrangements require elements such as microvalves, pumps (8, 9) , and interconnectors to enable deterministic fluid streams. Moreover, even though a soft lithography process was introduced more than two decades ago (10), this process is still labor-intensive, further increasing production cost (6) . In addition, design reiterations require the entire fabrication process to be repeated. Apart from these, the current soft lithography method is limited to microchannels with rectangular cross-sections (10) . This affects the study of biological applications, as the sharp edges do not recapitulate the circular internal surfaces such as blood capillaries (11) . To perform accurate studies to investigate vascular processes (12) and for mimicking in vivo hydrodynamics (11), microchannels with circular cross-sections would be much more suitable, but are difficult to achieve using current photolithography methods.
To circumvent these difficulties, several cleanroom-free approaches have been proposed for creating microfluidic systems with various channel geometries, including computer numerical control milling (13) , laser cutting (14) , and hot embossing (15) . However, these techniques require expensive equipment, and are limited to planar manufacturing. Another emerging strategy is 3D printing (6, 16, 17) . Generally, 3D microcavity networks are formed either by printing 3D sacrificial filament templates that are later leached away after prototyping (17) or by polymerizing the walls of the channel cavities followed by drainage of the uncured photopolymer precursor (16) . Particularly, in one approach exploiting stereolithography rapid prototyping, modular and reconfigurable components containing fluidic elements are manufactured to allow rapid assembly of channels for 3D routing (18) . Although attractive,
Significance
The current cleanroom-based soft lithography microfabrication process is complicated and expensive. There is a need for lowcost, ready-to-use, modular components that can be easily assembled into microfluidic devices by users lacking proficiency or access to microfabrication facilities. We present a facile, lowcost, and efficient method of fabricating soft, elastic microtubes with different cross-sectional shapes and dimensions. These microtubes can be used as basic building blocks for the rapid construction of various 2D and 3D microfluidic devices with complex geometries, topologies, and functions. This approach avoids the conventional cumbersome photolithography process and thus, provides a feasible way for scaling up the production of microfluidic devices.
extrusion-based 3D printers suffer from poor printing resolution at scales larger than 50 μm, depending on the nozzle size and printing pressure (6) . For laser-assisted 3D printing techniques, the choice of materials is restricted to photopolymers and UV-curable resins (19) , and the surface roughness due to laser beam overcuring also raises concerns with regard to high-resolution imaging within the channels (6) . Using another approach, Lee et al. (20) demonstrated a method to fabricate 3D cylindrical micronetworks in PDMS using sucrose sacrificial fibers. Although this protocol is relatively simple, the premade sucrose fiber templates were manually bonded with individual fibers, which is inefficient and error-prone, especially when handling fibers smaller than 30 μm in diameter (20) . Altogether, these methodologies do not allow for fast, low-cost, and versatile fabrication of a range of topologically and geometrically complex microfluidic systems.
Here, we present an efficient and economical method of fabricating elastic microfluidic tubings (microtubes) of different crosssectional geometries using simple mechanical apparatus and commonly available materials in the laboratory. These microtubes are flexible, stretchable, transparent, and biocompatible, and can be made from various elastomeric materials. The capability of epithelialization and endothelialization of the microtube's interior surfaces indicate their potential use for organ-on-chip applications. Moreover, the microtubes form the basic building blocks for microfluidic assemblies for various applications. Importantly, we show that not only can essential microfluidic components such as valves and actuators be quickly formed using the microtubes, but 2D and out-of-plane 3D microchannels can also be built with relative ease. Finally, the versatility of this approach, termed "soft tubular microfluidics" (STmF), for the rapid assembly of functional microfluidic systems is verified via the development of devices for a variety of applications. These applications span different domains, from microparticles separation and droplet generation using physical force fields, to micromotor actuation using biocatalytic reactions, to electrochemical detection using triboelectric principles, and finally to wearable sensing using physicoelectrical phenomenon (Fig. 1) .
Results
Fabrication of Elastomeric Microtubes. We developed a continuous extrusion and curing process to produce PDMS elastic microtubes (refer to Materials and Methods and Movie S1). Importantly, by drawing an electrically heated metal filament vertically through a pool of PDMS precursor, the viscosity and surface tension led to the coating of PDMS around the metal wire template. This template was further heated and the PDMS cured fully in situ in an electric heating unit to preserve the tubular shape (SI Appendix, Fig. S1 ). The PDMS microtube was then separated from the metal filament via sonication. Fig. 2A shows the elastomeric microtubes of high flexibility and stretchability after the separation. Notably, the whole process is simple and nontoxic, as it does not require the use of harmful chemicals (20) . Furthermore, this continuous fabrication process allows for production of microtubes with inner diameters (ID) as small as 10 μm (Fig. 2B ) and lengths of more than 50 cm (SI Appendix, Fig. S2 ). In our experimental setup, we produced microtubes with uniform IDs and outer diameters (ODs) ( Fig. 2B and SI Appendix, Fig. S2 ). We obtained microtubes with OD/ID = 2:1, 3:1, 4:1, using metal filaments with diameters of 10 μm to 400 μm. Despite their high aspect ratios (length/diameter of ∼5,000) and thin walls, the microtubes were robust and did not sag or collapse during handling and use. Compared with other approaches to produce elastomeric microtubes for on-chip applications (12, 21) , our technique avoids the complicated procedures for aligning microtemplates to produce microtubes with lumens of comparable scale to most microfluidic channels. Using atomic force microscopy, the microtubes showed smooth inner surfaces after peeling off (SI Appendix, Assuming constant temperature, the wall thickness d of the microtube is controlled by the radius of the wire template r, and capillary number Ca, using (22)
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In turn, the capillary number Ca = μV =σ may be altered with different fabrication conditions, where μ is the dynamic viscosity of PDMS, V is the characteristic velocity of wire drawing, and σ is the surface tension of the liquid. Therefore, microtubes of varying ODs may be easily fabricated. Moreover, the channel cross-section geometry can be adjusted using different filament templates (Fig.  2C ). For circular microtubes, we also fabricated microtubes with different materials, such as UV-curable polymer and silicone rubber (SI Appendix, Fig. S4 ), highlighting the versatility of this process. Fig. 2D describes the ease in assembling elastic microtubes into different configurations. We demonstrated how microtubes with ID = 50 μm can be wound up to form a circle, triangle, rectangle, square, or pentagon (Fig. 2D) . Similarly, 3D configurations can also be formed. Here, two channels filled with aqueous solutions of green or red fluorescein were tied into a Carrick bend knot (Fig. 2D , Bottom Left). The size of the bend was determined by the ODs of the microtubes, and the entire knot occupied a volume of 0.8 × 1.5 × 0.8 mm 3 . Other 3D systems such as a double helix (Fig. 2D , Bottom Right) were produced by winding two microtubes onto a cylindrical template that positioned the microtubes in a predesigned 3D orientation. Furthermore, multiple lumens may also be built within the same microtubular structure to allow proximal fluid interactions (Fig.  2E) . Similarly, microtubes with branched configurations were also fabricated using deterministically designed wire templates. Fig. 2F shows an example of a microtube with bifurcated lumens. Schematic showing the diverse applications of the microtubes in various domains: from microparticles/cells separation and droplet generation using physical force fields, to micromotor actuation using biocatalytic reactions, to triboelectric sensing using electrochemical principles, and finally to wearable sensing using physicoelectrical phenomenon.
Here, two smaller channels were merged into the main channel. Colored dyes within the lumens suggest consistency and laminar flow at the junction. This can be further iterated to produce a complex network. Furthermore, we included a connector compatible to commercially available syringe tips to facilitate liquid injection (SI Appendix, Fig. S5 ).
Microtubes as Basic Microfluidic Components. The mechanical properties of the PDMS microtubes were characterized and summarized in SI Appendix, Table S1 . The microtubes possess superior properties compared with commercially available silicon tubing owing to their small size. The microtubes are also highly elastic, stretchable, and robust to withstand high intraluminal pressure above 13 bars (SI Appendix, Fig. S6A ). Notably, when the intraluminal pressure increased above 10 bar, the IDs of the PDMS microtubes (OD/ID = 3:1) expanded about twofold without plastic deformation (SI Appendix, Fig. S6B ). To understand how the OD/ID ratio influences the expansion of IDs as a function of intraluminal pressure, we calculated the expansion of the ID for microtubes with various OD/ID ratios using Eq. 2 derived from a theoretical solution (23) ,
where D is the expansion ratio, ν is the Poisson's ratio, E is the Young's modulus, K equals OD/ID, and p represents the intraluminal pressure. For a perfect elastic tube, D increases linearly with p (SI Appendix, Fig. S6C ). We observed that our experimental data are consistent with the simulation for K = 3 when pressure is below 10 bar (SI Appendix, Fig. S6D ). At higher pressure, the PDMS microtubes reached their elastic limit, resulting in higher discrepancy. Moreover, the PDMS microtubes possess a low Young's modulus of 1.5 MPa to 2.0 MPa, allowing for significant deformation with applied forces. This property is especially advantageous for valving and fluid actuation. By using a mechanical clamp to pinch the microtubes, the flow may be interrupted (SI Appendix, Fig. S7A ). Adjusting the clamping frequency of the clamp enables on-demand valving. We observed that the mechanical clamp closes and opens the valve within 5 ms to 16 ms without any lag behind the control signal (SI Appendix, Fig. S7 B  and C) , which is common in pneumatic valves (8, 24) . Notably, the rounded channels are fully occluded at lower compressive force than rectangular and square channels, as reported in previous literature (8) . Importantly, no signs of rupture or fatigue were observed after more than 20,000 cycles of actuations, demonstrating the excellent robustness of the microtubes. Similarly, a rotational actuator could be implemented along the length of the microtubes to produce a pulsatile flow (SI Appendix, Fig. S7D) . By controlling the rotational speed, we achieved a maximum pumping rate of ∼100 picoliter per second (SI Appendix, Fig. S7 E and F) . In contrast to the complicated multiple-layered microvalve and micropump systems fabricated by soft lithography (8, 9) and stereolithography (24), our valve and pump systems have a much simpler structure and can be easily integrated.
Flow Characteristics Inside Circular Microtubes. Conventional rectangular microchannel is a poor representation of the in vivo vasculature features (11) . By simulating the flow profiles of circular and square microchannels (SI Appendix, Fig. S8A ), we noted that the flow rate is significantly slower in the square channel: 88.31% that of a circular channel with the same crosssectional area. In particular, the flow velocity was notably slower at the four corners of the square cross-section compared with the same segment at the annulus. This difference accounts for selective migration of the microparticles in the microchannels (25) , limiting the accurate mimicking of the in vivo flow of cells through blood capillaries. In our study with circular microtubes, flow conditions in blood vessels can be easily mimicked and studied. To demonstrate this, we flowed whole blood samples mixed with DAPI-stained HeLa cells (0.1% of normal erythrocyte count) into a flexible circular microtube (ID = 25 μm). The migration of the HeLa cells toward the channel walls in the flow (20 μL/min, SI Appendix, Fig. S8B ) was clearly observed, resembling the in vivo margination effect (26) . The hydrodynamic interactions among red blood cells (RBCs), non-RBC cells, and vessel walls result in a flow profile where the RBCs tend to occupy the center of the vessel while the larger cells, including white blood cells and cancer cells, migrated toward the cell-free layer near the walls (27) (SI Appendix, Fig. S8C ). Insights into such phenomenon will enable better understanding of flows in human circulatory systems and developing better strategies for drug delivery.
Also, the biocompatibility of the microtubes allows the functionalization of their inner surfaces with biomolecules and thus promotes the adherence and growth of epithelial (Madin-Darby canine kidney epithelial, MDCK) and endothelial (Human Umbilical Vein Endothelial Cells, HUVECs) cells. We observed that the cells (indicated by the GFP-tagged or DAPI-stained nuclei) attached to the whole circumference of circular microtubes, forming hollow tubular cell sheets (SI Appendix, Fig. S8 D and E) . The merits of transparency, biocompatibility, and flexibility of the microtubes make it possible to investigate in-depth cellular processes under physiological stresses and in vivo-like microenvironments. Collectively, the epithelialization and endothelialization of soft microtubes present a step toward better tissue engineered microfluidic organ-on-a-chip systems. Assembly of 3D Microfluidic Functional Systems. The microtubes provide versatility to create functional microfluidic elements. Here, we presented various versions of microfluidics for inertial focusing and microdroplet generation. Using PDMS circular microtubes with ID = 100 μm, we designed four different inertial focusing microfluidic chips of either 2D or 3D configuration (Fig. 3A and SI  Appendix, Fig. S9 ). The deterministic contours of the microtubes were achievable, using 3D printed templates, within minutes (Movie S2). The easy assembly of an inertial focusing microfluidics platform meets the requirements for a simple, low-cost, and highthroughput technique in a variety of clinical, industrial, and analytical applications (28) . We used shear-or wall-induced lift forces and lateral Dean drag force (29, 30) to control positions of suspended polystyrene microparticles under flow. Several key factors, including the hydraulic diameter, D h , the particle size, a, the Dean number, D e , the radius of curvature of microchannels, and flow velocity, are known to affect particle focusing (29) . The radius of the 2D spiral channel curvature increases with turn, while the 3D helix comprises spirals of the same D e radius, simplifying mathematical calculations. Furthermore, the twisted channel has the highest possible curvature, resulting in high D e (SI Appendix, To test the performance of particle focusing, 1% polystyrene microparticle aqueous suspensions (particles ranging from 10 μm to 25 μm in diameter) were used. We expanded the channels at the outlet by connecting the microtubes to PDMS replicas of pulled glass capillaries with sharp tips. We tracked individual particles (SI Appendix, Fig. S11 ) to optimize the device's focus efficiency, defined as E = ð1 − W T =W C Þ, where W T is the width of the projected tracks, and W C is the width of the channel at the outlet. We observed that, in the range of moderate Dean numbers (D e ≈ 1-30), the bead formed narrow streamlines (W T ) of ∼10 to 20% of the outlet diameter (SI Appendix, Fig. S11 ). This is consistent with the empirical conditions for particles of a/D h > 0.07 (29) , and high focus efficiencies of >78% were calculated for different size particles in various devices (Fig. 3B and SI Appendix, Fig. S12 ). Similarly, MCF-10A epithelial cells were focused with an efficiency of ∼85% and retrieved using the 3D helical chip (SI Appendix, Fig. S13 ), demonstrating high effectiveness and versatility. Furthermore, we separated polydispersed particles into their respective streamlines in a continuous flow (SI Appendix, Fig. S14 ). Fig. 3C shows the lateral displacement of particles with diameters of 10 μm and 25 μm at optimal flow rate (500 μL/min) in a 3D helical chip. Importantly, the split streams allow the particles to be sorted and collected. Under similar conditions, separation of different-sized beads is also achieved with high efficiency (SI Appendix, Fig. S15 ). We provided a flow rate of 500 μL/min, comparable to previously reported high-throughput microfluidic systems (29) . Thus, the high performance of our STmF inertial focusing devices shows promise for applications in diagnostic isolation and filtration, including label-free retrieval of circulating tumor cells from whole blood (30) .
To generate microdroplets, we use an off-the-shelf fluidic connector to create a microfluidic T-junction (31) . Unlike continuous flow systems, droplet-based devices focus on creating discrete volumes in an immiscible phase. Here, a T-junction was implemented by connecting three PDMS tubes to a commercially available plastic fluidic connector. For better imaging of droplet formation, we fabricated a PDMS T-junction by molding a T configuration of two small steel rods. The T-junction was then connected to a microtube of ID = 50 μm for fluid outlet (SI Appendix, Fig. S16A ), and two microtubes of ID = 250 μm were used, one to flow continuous oil fluid and the other to deliver suspended water droplets. In our experiments, the chip generated microdroplets of 200 μm to 500 μm in diameter (SI Appendix, Fig. S16B ) at frequencies ranging from 5 Hz to 1,000 Hz (SI Appendix, Fig. S16C ), with the aqueous and carrier flow rates higher than 1 μL/min and 500 μL/min, respectively. In addition, the outlet of the flexible microtubes could be conveniently connected to another chip or a container to deliver the discrete water droplets on demand, allowing the device to be used as a portable soft microfluidic droplet generator.
Applications in Micromotors, Biochemical Detection, and Tactile Sensing.
Beyond microfluidic applications, our fabricated microtubes may be used with other chemicals and accessories to achieve devices fulfilling various needs. For example, self-propelled microscale motors are currently gaining interest, with tremendous potential for biomedical applications and robotics (32) . These micromotors may be created by encapsulating accessible fuels, such as hydrogen peroxide, hydrazine, glucose, and acid, which may be catalyzed into mechanical motion (33) . To demonstrate this, we created a biocatalytically active surface within the microtubes by functionalizing the inner wall with catalase, an enzyme that efficiently decomposes hydrogen peroxide. We then placed these microtubes into hydrogen peroxide solutions. Upon interaction, the microtube releases oxygen gas internally. Here, the narrow opening at the end of the microtube serves as a propelling outlet during the catalytic reaction of the hydrogen peroxide fuels, resulting in locomotion ( Fig. 4A and Movie S3). Importantly, by altering the concentration of hydrogen peroxide, we achieved different speeds for the microtube (Fig. 4B) . Next, microtubes may form the fluid delivery component for electrochemical sensing. Triboelectricity generation has been demonstrated successfully in recent years with the utilization of materials with different triboelectric characteristics (34) . Furthermore, a self-powered nanosensor detecting flow rates may be developed based on the coupling of triboelectric effect and electrostatic induction (35) . In particular, by analyzing the electrostatic and electrokinetic interactions at the liquid and solid interface, concentrations of different chemical compounds may be detected. To demonstrate this, we attached an electrode around a portion of a PDMS microtube. Due to the triboelectric properties of PDMS and electrostatic induction, positive charges were screened on the electrode. When an electrolyte flowed into the tube, it formed an electric double layer on the inner wall surface (36) , which screened the negatively charged PDMS and caused a positive spiked triboelectric current (Fig. 4C) . Similarly, when the electrolyte was pumped out of the microtube, it induced a negative spiked current. We want to emphasize that the thin wall of the tube allows efficient electrostatic induction, facilitating the movement of electrons, and enhancing sensing capabilities. As a proof-of-concept, we flowed potassium chloride (KCl) of various concentrations within the tube. Interestingly, we detected triboelectric current pulses even at picomolar concentrations (Fig.  4D) , suggesting a highly sensitive microtubular chemical sensor.
Finally, we functionalized our microtubes by dispensing an active sensing element within the microtube. Eutectic gallium indium, a form of liquid metal, has been used previously for various microfluidic applications involving interconnections (37) , sensing (38, 39) , actuation (40) , and heating (41) . By dispensing eutectic gallium indium into the microtube, we create an electrical wire that is soft, thin, and stretchable. The one-dimensional soft sensing microtube can be multiplexed and contoured into 3D features for different applications. For example, we developed a wearable fabric touch sensor by weaving multiple functional microtubes into a textile fabric (Fig. 4E) . As the microtubular fibers are almost the same diameter as the fabric, they enable imperceptible sensing. When the microtube is compressed, the microchannel collapses, resulting in electrical discontinuity. We further developed a simple wireless system to demonstrate a wearable fabric touch sensor capable of determining the position of forces acting on the fabric ( Fig. 4F and Movie S4) . Notably, we demonstrate high responsivity of the sensors (Fig. 4G) , and we were able to recognize finger swiping directions by observing the activation patterns of the sensors. Overall, we demonstrate a facile method of developing a wearable fabric touch sensor of excellent flexibility, sensitivity, and responsivity.
Discussion
We describe a robust approach for the quick prototyping of 2D and 3D microfluidic devices using elastomeric microtubes of various sizes and cross-sections. To produce these microtubes, we use a continuous extrusion technique that only requires simple equipment and readily available materials. The continuous polymerization of thin liquid oligomer film around the filament by electric heating or UV light enables the production of very long microtubes with customizable ID and OD, making the technique scalable for mass production. By taking advantage of the flexibility of PDMS microtubes, we created valves and pumps as well as various 2D and 3D microfluidic assemblies with complex geometries, topologies, and functions. These architectures were fixed in position by using templates as guides for bending, shaping, and weaving. Typically, it took less than 1 min to assemble or reconfigure some of our complex devices, with precision in terms of channel layouts and performance of different functions (Movie S2). As such, this approach circumvents the limitations of conventional cleanroom-based microfabrication in the fast assembly of 3D systems and allows ease in configuring, modifying, and improving a prototype. Functional microfluidic elements, such as valves and pumps, may be easily adapted using off-the-shelf components. More complex geometries may be created by producing multiple lumens within the microtube. Importantly, this demonstrates the possibility of producing complex branched geometries that are ideal for simulating multiple-phase flows, or even mimicking blood capillaries.
The distinct circular channel shape is also advantageous in mimicking in vivo cardiovascular flow and has potential application in studying endothelization and microcirculation. The flexible microtubes form microfluidic devices that are soft and allow the fine-tuning of the circuit layout depending on needs, e.g., for focusing microentities of different sizes. We develop different microfluidic systems and components for inertial focusing of microparticles and microdroplet formation. Furthermore, as very low external pressures can cause large cross-sectional deformation of the elastic microtubes (42), we assembled our microtubes similar to Quake's multilayered valve configuration (8) . The microtubes were arranged into switching valves and pumps and operated via pneumatic actuation. Moreover, the inherent building block characteristics of the elastic microtubes allow versatile configuration into complex microfluidic devices. By connecting the microtubes into networks, we generate microfluidic configurations with highly complex geometries and deterministic patterns over large areas. The microtubes may also be functionalized with biomolecules to serve as a micromotor. By using hydrogen peroxide as a fuel, microtubes can be altered to propel across the liquid medium. Biocatalytic enzymes may be deposited within the microtubular structure and modified to enable continuous propulsion. This can potentially serve as a drug carrier to targeted sites (32) .
Additionally, their tiny footprint makes the microtubes excellent building blocks for the manufacture of wearable microfluidic sensors. The triboelectric property of the PDMS results in electrostatic interactions which may be used for electrochemical detection. The microtube could therefore be used as a fluid conduit, and has been shown to be useful in determining the ion concentrations of different liquids. Lastly, the PDMS microtube allows active sensing elements to be embedded inside, including liquid metals, ionic gels, or even 2D elements. Here, the thin PDMS wall thickness allows high deformability, which is especially suitable for force sensing. Furthermore, the thin sensors may be customized to different configurations to improve their sensitivity and specificity. Importantly, this potentially paves the way for imperceptible real-time health monitoring (42) .
Taken together, the processes for this technique does not require significant engineering expertise or special facility to fabricate a 3D microfluidic device. This will address a number of disadvantages that are inherent to conventional microfabrication using soft lithography, such as cost incurred in iteration, low yield, and the restrictive planar manufacturing. Most importantly, this significantly lowers or even eliminates the technology barrier for more end users to participate in microfluidics research and shortens the path toward device commercialization.
Materials and Methods
The fabrication process involved using a customized setup as depicted in SI Appendix, Fig. S1 . The OD of the elastomeric microtubes was controlled via the electrical heating period and pull-out speed. The metal wire and the polymeric microtube were separated in a sonication process in acetone solution, which washed off unreacted elastomer curing agent and caused slight swelling in the polymer, thereby loosening the polymer−metal contact. Other experimental procedures are detailed in SI Appendix, SI Materials and Methods.
